Fire is the predominant natural disturbance that influences the community structure as well as ecosystem function in forests. This study was conducted to examine the soil properties, loss of aboveground biomass, and understory plant community in response to an anthropogenic fire in a coniferous (Pinus massoniana Lamb.) and broadleaf (Quercus acutissima Carruth.) mixed forest in a subtropical-temperate climatic transition zone in Central China. The results showed that soil pH, NO3 --N concentration, and microbial biomass carbon (C) increased three months after the fire; however, there were no significant differences in soil organic C, total nitrogen (N), NH4 + -N concentration, or microbial biomass N between the burned and unburned observed plots. The total aboveground biomass was 39.0% lower in the burned than unburned plots four weeks after fire. Direct biomass combustion (19.15 t ha −1 , including understory shrubs and litters) was lower than dead wood biomass loss (23.69 t ha −1 ) caused by the fire. The declining trends of tree mortality with increasing diameter at breast height for both pine and oak trees suggest that small trees are more likely to die during and after fires due to the thinner bark of small trees and tree and branch fall. In addition, burning significantly stimulated the density of shrub (160.9%) and herb (88.0%), but it also affected the richness of shrub and herb compared with that in the unburned plots two months after the fire. The rapid recovery of understory plants after fires suggest that the diversity of understory species could benefit from low-severity fires. Our findings highlight that the decomposition of dead wood and understory community recovery should be considered for offsetting C emissions after fires for further research.
Introduction
Forest ecosystems are widely distributed across the land surface, contain two-thirds of all terrestrial plant species [1] , and sequester approximately 12% of anthropogenic carbon (C) emissions [2] . Fire activity has been shifted by land use and change and population growth, and it is predicted to increase in forest ecosystems under future warmer and drier climate scenarios [3] [4] [5] . The widespread fire in forests can influence emissions of greenhouse gases and aerosols, vegetation dynamics, and global C budgets [6] [7] [8] , with subsequent feedback to future climate change [9, 10] .
As the most critical threat across diverse forest types [7, 11, 12] , fire has pervasive effects on the physical, chemical, and biological properties of soil [13] [14] [15] . During burning, plant biomass, litter layers, and soil organic matter are consumed, resulting in changes in soil acidity, water storage capacity, and nutrients concentration [13, 16, 17] . Fire can directly increase soil water repellency, leading to decreased permeability and stimulated runoff [18, 19] . The total nutrient contents of soil are instantaneously reduced during the fire through losses from volatilization, smoke, ash transport, leaching, and erosion [20, 21] . However, fire can elevate soil nutrient availability by ash deposition and enhanced mineralization in the short term [22] [23] [24] . Fire effects on soil properties depend on several factors including fire type, intensity, topography, and region, as well as fire weather conditions (e.g., temperature, precipitation, and drought) [13, 15, 25] . Changes in the soil physical and chemical properties induced by fire can alter soil microbial biomass and activity [15, 26, 27] . Fire directly influences the soil microbial community structure primarily due to heat-induced microbial mortality in the short term [28, 29] . Fire may indirectly modify soil microbial communities by altering plant community composition and production in the long term [30] .
Fire has substantial impacts on stand-scale C dynamics directly through converting plant biomass to atmospheric CO2 and indirectly by starting successional changes in the balance between deadwood decomposition and plant regeneration [31] [32] [33] . The emission of biomass C by combustion induced by fire ranges from 5% to 25% depending on ecosystem type and fire intensity [34, 35] . Plant mortality induced by fire can decrease net primary productivity and create a large amount of plant debris [36] . Increased air temperature and elevated throughfall reaching the ground due to the removal of forest canopy can stimulate the decomposition of detritus, leading to consequent increases in soil C emissions [7, 37] . However, the role of forest as a C source after fire would transform into a C sink as pioneer tree species and understory shrub grow vigorously in the long term [38] .
Fire has been reported to affect the plant community structure and composition in forests [39] [40] [41] [42] [43] . Understory plant communities are a critical indicator of ecosystem health and can be affected by changing light, soil chemical, and physical properties after fires [44] . Herbaceous plants can immediately recover and grow, because the released nutrients from the ash deposited on the soil surface can be quickly absorbed by the abundant and shallow root of grasses [45, 46] . For example, periodic fires have been reported to elevate understory plant species diversity and evenness in a longleaf pine wiregrass ecosystem [47] . However, high-intensity fire can reduce species diversity through destroying the propagules of herbaceous species and dormant seeds in a forest floor [48] .
Beginning in May 2014, a field experiment was conducted to examine the potential impacts of fire on soil properties, biomass loss, and understory plant community in a coniferous (Pinus massoniana Lamb.) and broadleaf (Quercus acutissima Carruth.) mixed forest in Central China. In China, there are more than 13,000 mean annual forest fire events with approximately 650,000 ha forests being burned annually at the end of the 20 th century [49] . Coniferous-broadleaf mixed forest covers approximately 23% of forested area and accounts for 10% of the forest biomass in China [50] . The forest is located in a transitional zone from subtropical to warm temperate region where plant growth and ecosystem functions are considered to be sensitive to climate change [51] . The main objectives of this study were to (1) assess impacts of fire on soil nutrients, microbial biomass C, and N in the short term, (2) quantify the instantaneous losses of C pools in aboveground live biomass (trees, shrubs, and herbs) and dead biomass (standing deadwood and debris), (3) and evaluate the initial effect of fire on the understory plant community.
Materials and Methods

Study Site
The study site is located at the Mountain Xian (32°06′N, 114°01′E, 204 m a.s.l.) of Nanwan Forest Service, Henan Province in Central China. Mean annual precipitation derived from the long-term (1951-2014) historical meteorological data (http://data.cma.gov.cn) is 1063 mm, of which approximately 66% occurs from May to September. The mean annual temperature is 15.2 °C, varying from 1.9 °C in January to 33.6 °C in July. The soil type is a Haplic Luvisols (FAO classification) and pH is 4.5 ± 0.03. The mean soil bulk density, litter depth, and litter mass are 0.99 g cm −3 , 1.2 cm, and 774 g m −2 , respectively. The experiment was carried out in a 25-year-old secondary forest, consisting mainly of German oak (Quercus acutissima Carruth.) and Masson pine (Pinus massoniana Lamb.). The understory shrub species are mainly composed of Vitex negundo L., Lindera glauca (Sieb. et Zucc.) BI, Rubus corchorifolius L. f., and Symplocos chinensis (Lour.) Druce.
Herbs are dominated by perennial grass Carex rigescens (Franch.) and Lygodium japonicum (Thunb.) Sw [52] .
Experimental Design
The experimental site was located on a south-facing hillslope (approximately 20% in slope) with the altitude ranging from 193 m at the bottom to 224 m at the top. On 5 April 2014, the west side of the hillslope was burned accidentally by an anthropogenic fire, whereas the east side was left intact due to the existence of a small trail between the two sides. The fire was classified as a surface fire, due to the flame length (1.7-2.5 m) matching the surface fire classification of Ryan. (2002) [53] . The experimental area had not been burned for at least 20 years when fire records started, and it had uniform plant composition and site characteristics. The fire consumed all the litter layer and most aboveground parts of the understory shrubs and herbs, leading to 30% overstory mortality. Fornwalt et al. (2010) reported that burned areas with <50% overstory mortality were categorized as low-severity fire, while moderate-severity burned areas had ≥50% overstory mortality but did not experience much crown consumption [54] . Consequently, the fire was subject to low-severity fire according to the fire's direct effects on the overstory [54] . The stands in both sides are of comparable stand density, diameter at breast height (DBH), and species composition ( Table 1) . Table 1 . General description of the unburned and burned plots in the coniferous-broadleaf mixed forest (mean ± standard error (SE)) (n = 3). DBH, diameter at breast height.
Item
Unburned Burned The experiment used a paired design with five replicates. Five pairs of 30 m × 30 m plots were set up along the hillslope two weeks after the fire. In each pair, the plot in the west side was assigned as the burning treatment and the other one in the east site was assigned as the unburned treatment. The distance between the paired plots in both the burned and unburned sides is approximately 5 m.
Soil Microclimate and Properties
Soil temperature at the depth of 10 cm was monitored using a thermocouple probe (LI-8100-201) attached to the LI-8100 at the same time of soil respiration measurement. Volumetric soil moisture content (0-10 cm) was measured using a time-domain reflectometer (TDR 200, Spectrum Scientific Inc., Lincoln, NE, USA). The soil temperature and moisture of each plot were measured from eight locations within this plot, and the measurement was conducted three times in June 2014.
Soil samples were collected from all the 10 plots from the end of June to the middle of July 2014. Two soil cores (0-10 cm in depth, 7 cm in diameter) were randomly collected in each plot. After homogeneous mixing and the removal of stones and roots through a 2-mm mesh, soil samples were maintained fresh at 4 °C for measuring microbial and chemical analysis ( Table 2 ). 
Measurement of Aboveground Biomass
The aboveground biomass of overstory trees, shrubs, herbaceous plants, and litters were inventoried on 1 May 2014. Overstory trees were tagged and investigated, including species, DBH, height, and health status (living or dead) [58] . The aboveground biomass of Q. acutissima and P. massoniana was estimated using published allometric equations for oak and pine in this region [59] . The sum of all individual estimates was used as the tree layer biomass for each plot. Tree mortality was calculated as the ratio of dead trees/total trees in each 5 cm DBH class after fire.
Four 5 m × 5 m subplots were randomly established in each plot to investigate shrub biomass. The aboveground biomass of tree seedlings and shrubs (<5 cm DBH) was estimated by allometric equations [60] . Allometric equations of three dominant shrub species (V. negundo, L. glauca, and S. chinensis) were established through the destructive sampling method [61] . For each species, 8-10 individuals outside the subplot were destructively sampled and oven-dried at 70 °C for 48 hours to estimate aboveground biomass. The relationship between aboveground biomass and basal diameter for each species was determined by a power equation (B = a × D b , where B represents the aboveground biomass and D represents the basal diameter) [62] . The aboveground biomass of other sporadic shrub species (<5%) was assessed based on a general allometric equation established using data of all three shrub species (Table 3 ). The sum of all individual biomass was calculated as the shrub-layer biomass for each plot. The species richness and density of shrubs were recorded as the occurrence of the number of plant species and the number of individuals (stems), respectively. 
Measurement of Understory Species Diversity
Shrub layer was monitored within the four permanent 5 m × 5 m subplot in each plot, and a 1 m × 1 m herbaceous quadrat was set up in each subplot on 15 June 2014. The species richness of shrub and herbaceous plants was recorded as the occurrence of the number of plant species in each subplot and quadrat, respectively. The number of individuals (stems) for all shrubs and herbaceous species was counted to calculate the density of shrubs and herbaceous species in each subplot and quadrat, respectively.
Data Analysis
The data were checked for normality and homogeneity of variance. A paired-samples T-test (one-tailed) was used to examine the differences in soil microclimate and properties as well as vegetation variables between the unburned and burned plots. The changes of biomass loss induced by fire were calculated as the difference of the partial aboveground biomass (including shrub, herbaceous, and litter layer) between the burned and unburned plots. The changes of dead wood loss (standing deadwood and debris) induced by fire were calculated as the difference between the total aboveground biomass and the live aboveground biomass in the burned plots. The analyses of data were conducted using SAS V.8.1 software (SAS Institute, Cary, NC, USA).
Results
Soil Microclimate and Properties
Burning significantly increased soil temperature (at the depth of 10 cm) by 1.64 °C (p < 0.01), but it did not affect soil moisture (p > 0.05) compared with that in the unburned plots two months after fire ( Figure 1A,B ). Soil pH was higher in the burned plots (4.84) than in the unburned plots three months after fire (4.48; Figure 1C ; p < 0.05). No differences in soil organic C or total N between the burned and unburned observed plots (Figure 2A,B; both p > 0.05). In addition, burning enhanced soil NO3 --N (47.9%; Figure 2C ; p < 0.05) but did not affect on NH4 + -N ( Figure 2D ; p > 0.05). The burned plots had higher microbial biomass C (MBC) (249.87 versus 145.44 mg kg −1 ) than the unburned plots ( Figure 2E ; p < 0.05). Soil MBN did not change following the fire ( Figure 2F ; p > 0.05). N (TN, B) , NO3 --N (C), NH4 + -N (D), microbial biomass C (MBC, E), and microbial biomass N (MBN, F) between the unburned and burned plots. Different letters indicate significant differences between treatments at p < 0.05. Values are presented as the means ± standard error.
Aboveground Biomass
Total aboveground biomass was 39.0% lower in the burned than unburned plots 4 weeks after fire (122.5 t ha −1 ; Figure 3A ). The burned plots had lower biomass in tree (70.39 t ha −1 ), shrub (1.00 t ha −1 ), and herbaceous (0 t ha −1 ) layers than those in the unburned plots (98.98, 3.93, and 0.52 t ha -1 ; Figure 3B -D; all p < 0.05). In addition, forest floor litter (3.39 t ha −1 ) in the burned plot was 72.7% lower than that in the unburned plots ( Figure 3E ; p < 0.05). Direct biomass combustion loss (19.15 t ha −1 ) caused by the fire accounted for 25.6% of the total aboveground biomass in the burned plots ( Figure 4 ). Dead wood biomass (23.69 t ha −1 ) accounted for 31.7% of the total aboveground biomass after fire ( Figure 4) . Burning significantly reduced the aboveground live biomass by 48.7% compared with that in the unburned plots (99.56 t ha −1 ; Figure 5A ; p < 0.05). The aboveground live biomass of trees in the burned plots (51.09 t ha −1 ) was lower than that in the unburned plots (95.77 t ha −1 ; Figure 5B ; p < 0.05). The understory shrubs and herbaceous plants were completely consumed (3.80 t ha −1 ) in the burned plots relative to the unburned plots ( Figure 5C ). 
Tree Mortality
Tree density was decreased by 43.0% in the burned (90.8 stems plot -1 ; Figure 6 ; p < 0.05) than unburned plots 4 weeks after fire (159.2 stems plot −1 ). The density of pine and oak was reduced by 48.7% and 33.9% after fire, respectively ( Figure 6 ). The tree mortality induced by fire declined with increasing DBH for both pine and oak trees ( Figure 7A ). The mean number of dead pine trees for 5-10 cm size class (25.8 stems plot -1 ) accounted for 53.0% of all dead pine trees, and it was significantly higher than other four classes (DBH < 5 cm (12.3%), 10-15 cm (27.2%), 15-20 cm (6.6%), >20 cm (0.8%); Figure 7B ; p < 0.05). The percentage of dead oak trees in the 5-10 cm class (46.4%) was comparable to that of the <5 cm class (45.0%), which together accounted for more than 90% of all the dead oak trees ( Figure 7B ). 
Richness and Density of Understory Species
Two months after fire, there were no differences in the species richness of shrub or herb between the burned and unburned observed plots ( Figure 8A,B; both p > 0.05). The shrub density was higher in the burned plots (6.0 stems m −2 ) than that in the unburned plots (2.3 stems m −2 , Figure  8C ; p < 0.05). Herb density was marginally increased by 88.0% under burning two months after fire ( Figure 8D ; p < 0.05). 
Discussion
The fire season lasts from December to May, with fires occurring more frequently in January, February, and April. A total of approximate 214 fire events occur in this region, and an increasing trend in fire frequency and forest area has been observed from 2009 to 2018 [63] [64] [65] . Although understory plants are charred or consumed during the fire, this anthropogenic fire could be a low-severity fire due to overstory mortality <50% and overstory trees with green needles [54, 66] .
Effect of Fire on Soil Properties
Fire has profound impacts on soil properties such as the structure, infiltration, thermal regime, water storage, nutrient concentrations, C quality, and microbes [13, 15, 21, 67, 68] , which are key factors in sustainability. Soil pH has been found to increase three months after fire due to the leaching of ash downwards into the soil profile [14, 69] and the release of cations and oxides from the complete oxidation of the organic matter [13, 19, 70] . Fire showed neutral impacts on soil organic C and N in this mixed forest. Our observations are consistent with those reported in a Quercus frainetto forest [71] and a large-scale meta-analysis across temperate forests [67] , which could be attributed to the low-fire severity and the formation of black C [72] . Nitrogen is most easily vaporized and lost after fire in forest ecosystems [73] . It has been demonstrated that fire increased soil NH4 + and NO3 -by increased soil temperature [74] , pH [75] , and substrate supply [76] . However, burning increased soil NO3 -but did not affect NH4 + at our experiment site (Figure 1) . Nevertheless, the time after fire did affect soil NH4 + [22] . Soil NH4 + are direct products of fuel combustion, which generally persists for several months following fire and then declines to pre-fire levels [22] . In this study, the positive impacts of burning on soil microbial biomass are in line with those observed in a woodland savanna [77] and Mediterranean shrubs [78] , and a grassland and pine forest of USA [79] . Two possible reasons could explain the positive response of soil microbial biomass to burning observed in this study. The low-severity fire only consumed aboveground litter and tree saplings, probably resulting in lesser mortality in microbial communities [80] . Moreover, burning increased soil temperature and some essential nutrients (e.g., N and P) from ash deposition after the combustion of aboveground vegetation and litter, which are the main limiting factors for the microbial growth and activity [28, 80, 81] .
Effect of Fire on Aboveground Biomass and Tree Mortality
Fire severity influences the loss of forest aboveground biomass [82] . In this study, burning decreased the total aboveground biomass (39%) and aboveground live biomass (48.7%) right after fire. The loss of aboveground living biomass in this study is lower than that under high-severity fire (83%) but higher than that under moderate-severity fire (15%) in a mature pine forest [83] . The fire severity classification may contribute to the differential response. In our study, the surface fire was classified as a low-severity fire according to overstory mortality. However, many previous studies quantified fire severity depend on the depth of burned organic layer, percent of forest floor consumption, and percent of understory plants consumption [66, 83] . Therefore, our results would overestimate the loss of aboveground biomass due to higher understory vegetation consumption.
Fire not only causes initial surface fuel consumption, but it also remains standing dead trees and down woody debris at the soil surface [36, 84] . In this study, standing dead trees and down woody debris show the higher losses (23.69 t h −1 ) compared with the direct biomass combustion (19.15 t ha −1 ) right after fire. Trees are not complete combusted, but most of them would be dead due to the high temperature during the fire; thus, post-fire stands had higher deadwood biomass [36] . In addition to direct biomass loss through combustion, standing dead trees and down woody debris after fires can also affect ecosystem C cycling in the long term. For example, standing dead trees are drier and isolated from the soil, and they generally have slower decomposition rates than dead wood on the ground or forest floor [85] . As standing dead trees fall down with time, soil C storage could be increased due to the high charcoal content of standing dead trees [86] . In addition, fire can stimulate light, water, and soil nutrient availability, with consequent improvements in plant growth and primary productivity in forests. Therefore, the decomposition rates of dead wood and vegetation dynamics should be considered in models of postfire recovery of an ecosystem C pool in the long term, which could help to accurately predict the C balance of forest ecosystems in response to abrupt environmental perturbations.
Burning instantaneously affects the tree mortality of pine and oak right after fire in this study. Burning-induced tree mortality patterns depend on fire characteristics and tree size [87] . In addition, burning-induced reductions in pine density (48.7%) were higher than in oak density (33.9%) in this study. Most previous studies focus on species-level or monoculture forests alone, which limits our ability to accurately predict changes in tree mortality across diverse forest types [88] [89] [90] . In fact, variations in mortality occur in coniferous and broadleaved species, but the survival of broadleaved trees is much higher than the survival of conifers in a coniferous-broadleaf mixed forest in the Mediterranean Basin [91] . This finding suggests that broadleaved species rather than coniferous species can survive the low-severity fire. Contrary to the findings of previous studies that mortality rates of tree depend on species and tree size [88, 92] , our results demonstrated a declining trend of mortality in both pine and oak with increasing DBH in this forest. The above observations suggest that small trees are more likely to die after fire, which is probably due to the tree and branch fall (personal observation) as well as thinner bark [93] .
Effect of Fire on Understory Plants
In this study, burning did not affect the richness of shrub and herb, but it did increase the density of shrub and herb two months after fire. Our observations are consistent with those reported in a Quercus Pyrenaica forest [94] and a mixed conifer forest [95] . Given that dead standing trees fall down with time, higher understory species richness is expected in the following years. For example, fire has been demonstrated to enhance understory species richness in a jarrah forest peaked in 3-5 years after wildfire [96] . Two possible reasons could explain the rapid recovery of understory shrub and herb after fire observed in this climate transitional forest. First, light and nutrient availability play critical roles in the growth of understory shrub and herb [52, 97, 98] . Improved light conditions and nutrient availability from ash deposition could contribute to the rapid recovery of understory shrub and herb. Second, greater solar radiation at the soil surface due to the removal of vegetation after fires can promote seed germination and seedling growth [99] , leading to accelerating the recovery of understory shrub and herb in this study.
Conclusions
In this study, we highlighted the short-term effects of fire on soil properties, losses of different C pools, and vegetation in a climate transitional forest. Burning stimulated soil NO3 -and microbial biomass C, which was most likely due to the elevated inorganic nutrients from ash deposition. A higher loss of total aboveground biomass after the low-severity fire could have been attributed to the different fire severity classification. The finding that dead wood biomass was higher than the direct biomass combustion during the fire indicates that decomposition of dead wood may offset the biomass C loss of forest in the long-term scale. The rapid recovery of understory plants after fire suggest that the diversity of understory species could benefit from low-severity fires. Long-term research studies are needed in order to understand the fire effects on ecosystem components in diverse forests. 
